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ABSTRACT 
A lean satellite is a philosophical approach to define a small satellite that hope to 
achieve low cost and fast delivery through untraditional risk taking approach. The 
growth of lean satellites is unprecedented with regards to the number of satellites 
launched, the satellite owners and the innovative applications they have used to 
accomplish. They are enablers for achieving scalable mission objectives such as space 
plasma measurements. Space plasma is an essential component of the astrophysical 
and geophysical environments that affect spacecraft wellbeing in space and influence 
many terrestrial activities on Earth. Many plasma measurement systems have been 
proposed and used onboard different satellites to characterize space plasma. Most of 
these systems employed the technique of Langmuir probes either using the single or 
double probes methods. Even as Langmuir probe is a well established tool for plasma 
diagnosis, using single Langmuir probes is not appropriate to be used on lean 
satellites because of their limited conducting area which leads to spacecraft charging 
and drift of the instrument’s electrical ground during measurement. Double Langmuir 
probes technique can overcome this limitation, as a measurement reference in relation 
to the spacecraft is not required. A double Langmuir probe measurement system was 
designed and developed at Kyushu Institute of Technology for HORYU-IV satellite, 
which is a 10kg, 30cm cubic class lean satellite launched to Low Earth Orbit on 17th 
February 2016. The design, development and ground testing of the system entails the 
development and integration of electronics to provide a bias voltage and measure 
associated current due to plasma on a conducting metal plates of dimension 4cm by 
14cm. The measurement system was validated on ground through extensive test that 
confirmed that the system could measure up to 1.3eV temperature and comparison 
with established measurement techniques. The system’s on-orbit performance 
confirmed successful operation of the system in low Earth orbit grade plasma. Five 
important system requirements such as space grade plasma testing, probe 
contamination remedy in space, appropriate probe material selection considering 
sputtering, design for low voltage sweep and fast data acquisition frequency, satellite 
attitude determination and probe mounting were enumerate in the thesis. These would 
improve mission assurance for lean satellites plasma measurement missions. 
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ABBREVIATIONS 
DLP    = double Langmuir probe 
KTe    = average energy of electron in eV 
e     = unit electron charge 
Iis    = ion saturation current 
Vin    = bias voltage to positive probe 
Vp    = differential voltage between probes 
KB    = Boltzmann constant 
i    = ion 
e    = electron 
DCDC      =  Direct current to direct current converter 
OBC    = Onboard computer 
EPS    = Electrical power system 
LEO          =    Low Earth orbit 
GEO         =    Geosynchronous orbit 
MEO        =    Medium Earth orbit 
PEO         =    Polar Earth orbit 
ISS           =    International space station 
GND        =    Electrical ground 
DOA        =    Dead on arrival 
ADCS      =    Attitude determination and control system 
NASA      =   National Aeronautics and Space Administration 
RF            =   Radio Frequency 
SLP    = Single Langmuir probe 
JST           =   Japan Standard Time (GMT+9hours)  
JAXA       =   Japan Aerospace Exploration Agency 
 
 
 
 
 
 
 
 
 
 
 
7 
List of Figures                                                   Page 
1.1.  Satellites launched from 2003 to 2017............................................................... 12 
1.2.  CubeSats mission success profile....................................................................... 15 
2.1.  Stratification of ionosphere showing major ion species and concentration........18 
2.2.  External view of DICE Langmuir probes............................................................22 
2.3. Isometric view of UPSat multi-needle Langmuir probes in stored 
state.............................................................................................................................28 
2.4. UPSat showing multi-needle Langmuir probes in deployed state.......................29 
2.5.  DLP schematic....................................................................................................31 
2.6.  Typical I-V curve of DLP...................................................................................32 
3.1a.  HORYU-IV satellite (-Y)................................................................................. 35 
3.1b.  HORYU-IV satellite (+Y)................................................................................ 35 
3.2. Square chamber vacuum system configuration................................................... 36 
3.3. STEC PAC-3HS MFC mass flow controller....................................................... 37 
3.4. STEC MFC SEC Mass flow controller............................................................... 37 
3.5. RF Generator powered by 100V AC................................................................... 38 
3.6.  RF Plasma generation principle......................................................................... 38 
3.7. DLP biasing RC circuit and reset switch for capacitor....................................... 39 
3.8. Engineering Model of BigApple circuitry board showing DLP circuit.............. 40 
3.9. Schematic of HORYU-IV DLP system.............................................................. 40 
3.10. HORYU-IV BigApple system.......................................................................... 41 
3.11. Functional diagram of ADu4190 OpAmp Isolator........................................... 42 
3.12. Experimental setup to validate DLP operation................................................. 43 
3.13. Current Voltage plot for double Langmuir probe............................................. 43 
3.14. Plan view of vacuum chamber showing probes arrangement inside  
to confirm plasma distribution................................................................................... 44 
3.15. I-V curve for two different single Langmuir probes located at different points  
in the chamber to demonstrate the distribution of plasma inside the chamber.......... 45 
3.16. I-V curve for double Langmuir probe............................................................... 45 
3.17. Experimental and theoretical I-V curve for single Langmuir probes................ 47 
3.18. I-V curve of single Langmuir probe measured by source meter....................... 48 
3.19. I-V curve of double Langmuir probe measured with the plasma  
measurement circuit................................................................................................... 49 
3.20. Aluminum box covering plasma source............................................................ 51 
 
 
 
8 
3.21. Plasma gun connected to the chamber............................................................. 51 
3.22. Plasma parameter measured with double flat probe at low plasma condition  
Plasma parameter..................................................................................................... 52 
3.23. Experimental setup for demonstration of probe contamination cleaning  
using -300V.............................................................................................................. 53 
3.24. Probe contamination remedy experimental result........................................... 53 
4.1. DLP onboard mission data (1)........................................................................... 58 
4.2. DLP onboard mission data (2)........................................................................... 58 
4.3. DLP onboard mission data (3)........................................................................... 59 
4.4. DLP onboard mission data (4)........................................................................... 59 
4.5. DLP onboard mission data (5)........................................................................... 60 
4.6.  Simulated rectangular prism and the  coordinate axis……………………….. 61 
4.7. Plasma flow direction........................................................................................ 63 
4.8a. Current distribution on the prism surface when ion flow perpendicular to  
the biased surface…………………………………………………………………. 64 
4.8b. Current distribution on the prism surface when ion flow at 60 degree to  
the bias surface……………………………………………………………………. 64 
4.8c. Current distribution on the prism surface at 120 degree deflection from  
the perpendicular direction……………………………………………………….. 65 
4.9. Comparing simulation cases with experiment data.......................................... 65 
4.10. Best match between simulation and experimental data................................. 66 
4.11. Simulation of different ion currents at 104 angle degree…………………... 67 
4.12. Different plasma densities match the experimental data   
at different angles………………………………………………………………… 67 
 
 
 
 
 
 
 
 
 
 
 
 
 
9 
List of Tables                                                                                                         Page 
Table 2.1. Summary of Lean Satellites plasma measurement missions.....................26 
Table. 2.2. Different Langmuir probes and their characteristics............................. ..29 
Table 3.1 Specifications of HORYU-IV satellite.......................................................33 
Table 3.2 Computed plasma parameters measured by three different methods.........45 
Table 3.3 Computed values for plasma parameters for single Langmuir  
probe and double Langmuir probes............................................................................48 
Table 4.1.  Experimental time, location and IRI-predicted plasma parameters.........55 
Table 4.2.  Simulation Model.....................................................................................60 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 
Table of Content                Page 
Certification page....................................................................................................... 3 
Acknowledgement...................................................................................................... 4 
Abstract....................................................................................................................... 5 
Abbreviations.............................................................................................................. 6 
List of Figures............................................................................................................. 7 
List of Tables...............................................................................................................9 
Chapter 1  
 1.1 Introduction and research background...................................................12 
 1.2 Small satellite growth............................................................................ 12 
 1.3 Lean satellite project approach...............................................................14 
 1.4 Research motivation and objectives.......................................................14 
 1.5 Thesis organization................................................................................ 16 
Chapter 2 
 2.1 Low Earth plasma environment............................................................. 17 
 2.2 Plasma diagnosis techniques.................................................................. 18 
 2.3 Space plasma measurement.....................................................................19 
  2.3.1 Scientific merit of space plasma measurement............................... 19 
  2.3.2 Space plasma measurement instruments......................................... 21 
 2.4 Principle of double Langmuir probe....................................................... 29 
Chapter 3 
 3.1 HORYU-IV satellite plasma measurement system................................ 33 
 3.2 Measurement system ground testing and verification............................ 35 
  3.2.1 Vacuum system............................................................................... 35 
  3.2.2 Plasma source................................................................................. 36 
 3.3 HORYU-IV double Langmuir probe system design.............................. 37 
  3.3.1 Probe biasing and measurement system......................................... 38 
  3.3.2 System control and data handling................................................... 39 
 3.4 double Langmuir probe operation experiments...................................... 41 
  3.4.1 Double Langmuir probe experiment............................................... 41 
  3.4.2 Langmuir probes comparison experiment....................................... 43 
 3.5 Ground experiment validation................................................................ 45 
 3.6 Design requirement specifications.......................................................... 48 
 
 
 
 
11 
Chapter 4 
 4.1 On-Orbit experiments........................................................................... 54 
 4.2 On-Orbit data........................................................................................ 54 
 4.3 On-Orbit data analysis.......................................................................... 56 
 4.4. On-Orbit data validation...................................................................... 59 
  4.4.1 Computer simulation model.......................................................... 59 
  4.4.2 Simulation conditions.................................................................... 60 
  4.4.3 Simulation results.......................................................................... 61 
Chapter 5 
 5.1 Discussion and lesson learned............................................................... 68 
 5.2 System requirements for plasma measurement..................................... 69 
  5.2.1 Space grade plasma testing............................................................ 69  
  5.2.2 Contamination in space remedy..................................................... 70 
  5.2.3 Voltage sweep and data acquisition frequency.............................. 71 
  5.2.4 Satellite attitude determination and probe mounting......................71 
Chapter 6  
 Conclusion and recommendation for future work........................................72 
References...................................................................................................................75 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
12 
Chapter 1 
1.1. Introduction and Background 
 This chapter presents a brief introduction to the growth of small satellite 
industry which has revolutionized space industry in terms of who can make a satellite 
and a paradigm shift in satellite mission possible with this class of space systems. It 
provides a motivational background for the work described in this dissertation. 
1.2. Small Satellite Growth 
 Small satellites are growing in an exponential rate in the past decade because 
of their low cost and short development time [1]. They have served as enabler for 
hands-on system engineering education and demonstration of technology in space that 
might appear riskier if flown on more expensive satellites. CubeSats are standardized 
small satellites where each unit, or “U”, measures 10x10x10 cm and has a mass of 
about 1 kg [2]. Small satellites generally have reversed the space spiral from high 
cost, long schedule, and desire for the highest reliability to low cost, short 
development time and acceptance of higher mission risk and fragility thereby 
enabling more respond to world events and satisfying more end users needs. 
The figure below represent a research conducted at the Kyushu Institute of 
Technology to populate the number of satellites launched from 2003 to 2017.  
 
Fig. 1.1 Satellites launched from 2003 to 2017 
The figure evidently shows an exponential growth of satellites in the class of 1-10kg, 
which are mostly CubeSats, particularly 328 of the class of satellites were launched in 
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2017. The growth of this class of small satellites cannot be separated from the 
advancement of microelectromechanical systems (MEMS) which have direct 
applications in space technology systems. This directly impacts the rapid pace of 
miniaturization of high performance space technologies which has supported 
CubeSats to expand their mission capabilities in engineering and scientific 
applications [1]. 
Testing of small satellites are usually not as thorough as traditional satellites, 
they are usually tested at system level and by flying in space then applying lessons 
learned to the next flight [1]. They rely on Commercial Off-The-Shelf components 
(COTS) in their construction to reduce costs. These COTS components are usually 
standard electronic components that are used in everyday life, such as in smartphones 
and other miniaturized devices that have high technology characteristics that are 
attractive in space designs. Furthermore, low power requirement and high computing 
capabilities along with a small footprint make these COTS very desirable in small 
satellite designs [3]. Even though COTS are not designed to be radiation tolerant, 
CubeSats are usually in low enough orbits to avoid significant radiation doses that 
could damage their components. Satellites that benefit from processors that follow 
Moore’s law (computing power increases two fold every 2 years) are able to engage 
more demanding missions while at the same time consume moderate amounts of 
power and occupy a fraction of the available satellite volume. 
Small satellites have also proven to be a unique platform for science and technology 
missions which can provide a promising and excellent global architecture that 
combine the temporal and spatial resolutions of the geostationary orbit (GEO) and 
low earth orbit (LEO) satellite missions respectively, thus breaking a traditional trade-
off in space science mission design that fundamentally increase system cost and long 
duration to achieve mission objectives.  
Even with the enumerated advantages and possibilities of small satellites, they 
are not without important limitations that still serve as an impediment to their full 
global acceptability. Apart from their low power, small mass and volume, data rate 
limitations, small satellites have several other requirements if they would achieve 
point-to-point in-situ global coverage for plasma and other ionospheric measurement 
missions. 
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1.3. Lean satellite project approach 
 Satellites are generally categorized according to their mass as femto-satellites 
(0.01–0.1 kg), pico-satellites (0.1–1kg), nano-satellites (1-10kg), micro satellites (10-
100kg), mini-satellites (100-1000kg) and the standardized CubeSats [4]. Satellites in 
the 1-10kg class categories share common features of short development time and less 
expensive compared with the other classes called the conventional satellites. This 
class of satellites tends to posit a solution to the most fundamental problems facing 
today’s space missions, which is high cost and too long time to achieve the mission 
objective.  
 The most fundamental problems facing space missions today are that they cost 
too much and take too long to achieve the mission objective [5]. Fixing these 
problems has proven remarkably elusive. In the past, this prevented new entrants into 
the space industry. A group of experts who studied on definition and requirements of 
small satellites under the International Academy of Astronautics (IAA) study group 
4.18 have posted the concept of lean satellite project as an innovative gateway for 
achieving low cost and fast delivery satellite project without fully compromising the 
reliability of the system. A lean Satellite is a small/micro/nano/pico satellite that 
utilizes untraditional risk-taking development approaches to achieve low-cost and 
fast-delivery [6]. The lean satellite concept posits that neither “mass” nor “size” is 
suitable for defining small satellites. Factors such as philosophy of design, 
manufacturing, project cost, type and duration of mission, scope of program 
management, reliability requirement, risk mitigation approach and waste mitigation 
approach are more appropriate for such definition. Hence, using the term “Lean 
Satellite” to reflect satellite development philosophy is more suitable than saying 
“Small Satellite” [6]. 
Throughout this research, the concept of lean satellite is used to denote all classes 
of small satellites that seek low cost and fast delivery through untraditional risk 
mitigation approaches. 
1.4. Research motivation and objectives 
  Even as the development and operation of small satellites continue to increase, 
the mission assurance is low [7]. Small satellites mission assurance improvement and 
system reliability is an inevitable endeavor for small satellites to continue to be 
pragmatic tool that allow access to space development and utilization. M. Swartwout [ 
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[7], analysis shows that 62 out of 403 CubeSats launched until 2017 achieved full 
mission success. CubeSats mission success profile is shown in Figure 1.2, more than 
50% of the mission failed. Even as most lean satellites projects are to train students 
and earlier career engineers on system engineering education, still an improved 
mission assurance is desirable. 
 
Fig. 1.2 CubeSat mission success profile 
Lean satellites mission selection involves a thorough system engineering procedures 
that will ultimately achieve a trade-off and balancing between performances, cost and 
project schedule [5]. Particularly, constraints in size, power, and volume of most lean 
satellites may be a drawback to achieving highly ambitious missions but still the 
satellites can be used to achieve innovative missions, most especially using them for 
space plasma measurement. Measurement of space plasma using lean satellites can be 
an innovative way to achieve global coverage through low cost and simple systems.  
  Langmuir probe technique is a widely used and reliable technique applicable 
for analytical spectroscopy, plasma processing, plasma-enhanced chemical vapor 
deposition (PECVD), new material synthesis, plasma thruster, ionospheric studies and 
space plasma interaction. Diverse theoretical and experimental works based on the 
results obtained by Langmuir probe plasma diagnosis has proven that the technique is 
well established for the measurement of plasma parameters [8] [9] (electron density 
and temperature, Debye length, etc.). However, detailed review of problems involved 
in the use of this technique as a mission system on small sized satellite is still not 
clear. 
The goal of this research is to present system engineering study of the 
requirements to foster higher mission assurance for plasma measurement mission 
objectives for lean satellites using lessons from the development and in-orbit 
operation of a plasma measurement system onboard HORYU-IV satellite.  
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The following are the specific objectives: 
1. Review the growth of small satellites in term of mission advancement.  
2. Review the use of small satellite for space plasma missions. 
3. Present the development and on-orbit operation of HORYU-IV satellite 
plasma mission. 
4. Discuss system requirement for small satellites plasma mission.  
5. Present future outlook for small satellite space plasma measurement system. 
By achieving the outlined objectives, this research hopes to improve mission 
assurance for plasma measurement using lean satellites that can pave the way for 
future point measurements that can be achieved through constellation in the low Earth 
orbit thereby harnessing the advantages of temporal and spatial benefits of the GEO 
and LEO orbits. 
1.5. Thesis organisation 
 This thesis consists of seven parts, chapter 1 presents the introduction to the 
dissertation, chapter 2 gives the review of both the scientific importance of space 
plasma measurement and a review of the status of measurements for lean satellites. 
Chapter 3 presents a quantitative description of HORYU-IV satellite double 
Langmuir probe plasma measurement mission and also the system development 
strategy, chapter 4 presents the on-orbit experiment operation, data analysis and 
validation of these data using both simulation analysis using a plasma particle 
simulation code and also through comparison with standard data from NASA’s 
Virtual Ionosphere, Thermosphere, Mesosphere Observatory (VITMO). Chapter 5 
presents systematic requirements for plasma measurement systems for a lean satellite 
that hope to achieve low-cost and fast-delivery through lessons learned from the 
operation of HORYU-IV satellite. Chapter 6 presents the conclusion of this research 
by comparing the results of the research with the set objectives and also present future 
works that can further improve this research. 
 
 
 
 
 
 
 
 
 
 
 
 
17 
Chapter 2 
 This chapter describes the essential of space plasma measurement, categories 
of plasma diagnosis techniques and present a review of several space plasma 
measurements using small satellites. These reviews are essential to make inference on 
requirements for a plasma measurement by lean satellites that try to achieve low cost 
and fast delivery. 
 
2.1.  Low Earth Orbit Plasma Environment 
 Orbit of a satellite is the description of its path around the earth, which is 
characterized by the intended use of the satellite. These orbits are generally classified 
based on several attributes such as height, inclination and space environment 
interactions. Based on these attributes, satellite orbits can be low Earth orbit (LEO), 
medium Earth orbit (MEO), polar orbit (PEO) geosynchronous orbit (GEO) and 
interplanetary orbit. Different orbits have characteristic plasma environment and these 
environment is influenced by proximity to sun as the principal source of plasma. Most 
of the lean satellites especially in the 1-10kg class are launched into low Earth orbit. 
The design and verification of a plasma measurement instrument depends on the 
desired orbit of the satellite. 
The low Earth orbit exists between 100km to 1000km above sea level [10]. 
These orbits are characterized by ionosphere that exist in stratified ionized layers. 
These layers are the F layer that exists between 150km and 1,000km, the E layer 
between 100km and 150km and the D layer that exist between 60km and 100km. 
These regions describe a transitional region from a relatively un-ionized atmosphere 
to a fully ionized region called the plasmasphere. Most spacecraft in the low Earth 
orbit are placed in the fully ionized region where the plasma density is in the range of 
1010m-3 to 1012m-3 [10]. The outer boundary of the plasmasphere is called the 
plasmapause and it is the region where the plasma density is maximum. 
The Earth region from 1km to 1,000km is made up of concentrated charged 
particles, which are stratified into different layers, viz: radioactive layers, cosmic ray 
layer and the solar UV layer. Figure 2.1 shows these variations with respect to 
locations which are further separated into the troposphere, stratosphere, mesosphere, 
thermosphere and the exosphere. The most abundant concentration of ions species 
also specified, ions species observed in the troposphere and the stratosphere are 
complex cluster of ions containing H2SO4, H2O, HNO3, (CH3)2 CO and CH3CN 
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molecules attached to core ions [11]. Ion mobility is lower in the troposphere and the 
lower stratosphere region due to water vapour reactions. 
 
 
Fig.2.1 Stratification of ionosphere showing major ion species and concentration 
(Source:  [11]) 
Every orbit has characteristic features that distinguish them from one another. The 
PEO, MEO, GEO and the interplanetary orbits have distinguished characteristic. The 
MEO consists of solar ultraviolet (UV), trapped radiation and plasmasphere [10], the 
PEO is a peculiar environment where energetic aurora electrons and low temperature 
ionospheric plasma coexist [12], GEO is a high energy environment characterized by 
UV radiation, solar flare and cosmic rays, Interplanetary orbits are high energy solar 
wind environment with abundant solar wind and cosmic rays [10]. 
 
2.2 Plasma Diagnosis Techniques 
 Plasma is the forth state of matter after solid, liquid and gas. It exists naturally 
in atmosphere, sun, stars and gaseous nebula [13]. Apart from the importance of study 
of space plasma, plasma has been generated in laboratories through gaseous 
discharge, arcs, laser produced plasma as well as tokamak plasma for several 
applications and used in different fields of research and industries.  
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Generally, plasma are classified as hot or cold based on its temperature and electron 
number density, plasma diagnosis is aimed at inferring information about the state of 
the plasma (temperature, density, Debye length) from practical observations of 
physical processes and their effects. There are different diagnostic tools that can be 
used, depending on the type of plasma under investigation and the specific 
information that is required to make accurate and reliable measurements about in-situ 
plasma condition. Most laboratory plasma and low Earth orbit plasma have 
temperature (Te) in few electron Volts (eV), they are referred to as cold plasma. 
Active material probes such as Langmuir probes which produce some form of 
external radiation are used to diagnose cold plasma [14]. However, non-invasive 
methods are employed for hot plasma where the plasma temperature is in order of few 
keV, [14]. 
Generally the following are the classifications of plasma diagnosis;  
These methods are discussed in reference [14]. 
I. Electrostatic Probe Method. 
II. Magnetic Probe Method. 
III. Spectrometry Method. 
IV. Interferometry Method. 
 
2.3   Space Plasma Measurements 
2.3.1 Scientific Merit of Space Plasma Measurement 
 Plasma state is the most dominant state of matter in the universe. In fact, about 
99% of matters exist in the form of an electrified gas with the atoms dissociated into 
positive ions and negative electrons [13]. Space weather is the in-situ condition in 
space that is characterized by the state of the sun, solar wind, magnetosphere, 
ionosphere or thermosphere. The interaction of spacecraft with the space environment 
can influence the performance and reliability of spaceborne and ground-based 
technological infrastructure. Energetic plasma environment can build up charges 
resulting into current flow to the spacecraft material and possibly the exposed part of 
the power system. When these charges are too big for the spacecraft’s material to 
hold, arcing, which are essentially strong electrical currents, will occur.  Depending 
on where those arcs go, they can damage electronic components, destroy sensors, or 
damage important materials such as thermal control coatings [10]. The Advanced 
Earth Observing Satellite 2 (ADEOS-II) in a high inclination low Earth orbit lost its 
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power system in October 2003 and was never recovered [15]. Engineering teams 
investigating the failure identified charging by high-energy aurora electrons followed 
by an electrostatic discharge between the primary power cables as the likely cause of 
the power system damage. In geostationary orbit, there are a lot of hot electrons and 
during geomagnetic storms they build up. It’s a classic charging environment. Aurora 
charging is a similar problem, with hot electrons generated in the electric field 
structures above the Earth’s aurora zone that produce the northern and southern lights. 
This phenomenal effects and causes need to be carefully considered during the design 
of satellites. Several researches have been done to predict spacecraft charging and 
device methodologies for its mitigation. Cho et al [12] used the combinations of the 
plasma parameters using by a spacecraft charging simulation software to formulate a 
database containing the probability of occurrence of each combination for a PEO orbit 
environment. 
Apart from understanding the in-situ wellbeing situation of satellites, the study 
of space plasma and Earth’s ionosphere is very crucial as this state affect many 
astrophysical phenomena and several geophysical changes on earth. Sun is the 
ultimate source of plasma, Corona Mass ejection (CME) are enormous blobs of 
magnetized plasma that the sun hurls from its surface, it is caused by instabilities in 
the suns magnetic field. CME can launch billions tons of superheated gas into space 
and travelling at more than a million miles per hour [16], this produces brilliant aurora 
displays in the northern hemisphere which is pleasant to the eye and have a 
devastating effect on both communication and power infrastructures on earth. The 
most powerful geomagnetic storm ever recorded on earth was in 1859 [16]. This 
devastating event called the “Carrington event” disrupted telegraphs networks around 
the globe. The CME from sun is a flurry of magnetic activities and induced current 
which have the capability to breakdown electric power grid, satellites and also 
communication networks. A particular CME in 1989 collapsed the hydro-Quebec 
power grid and that affected more than six million people. The atmosphere provides 
enough protection for the earth but astronauts onboard the international space station 
may receive high dose of radiation during this phenomenon [17]. A repeat of the 
events in 1989 and 1859 in todays far more interconnected world may be devastating 
and may cost a lot to fix the damage. Hence, measurement of the state of space 
plasma by man using satellites is imperative as that is the only way to predict both 
astrophysical and geophysical phenomenon that can have adverse effect to life on 
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earth and space infrastructures. A better understanding of solar activities through 
measurement and characterization of space environment parameters can help man to 
be better prepared, a few hours warning before an impending CME strike can prompt 
shutdown and protection of essential infrastructure.  
 
2.3.2 Space Plasma Measurement Instruments 
 Several plasma measurement instruments have been installed on different 
satellite and sounding rockets to diagnose atmospheric and space plasma, these 
instruments have provided billions of scientific information to support decision 
making on earth. 
 Plasma measurement is one of the oldest and most developed mission onboard 
satellites, one of the earliest plasma measurements using satellite was in 1961 through 
the MIT plasma cup on board the space probe Explorer X, the probe yielded data that 
revealed the boundary of the geomagnetic cavity and determined the supersonic speed 
and direction of the solar plasma flowing just outside the cavity [18]. 
 Instrument Sonde de Langmuir (ISL) was one of the five mission instruments 
onboard the DEMETER satellite (Detection of Electromagnetic Emissions 
Transmitted from Earthquake Regions). DEMETER is 130kg satellite launched into 
715 km sun synchronous orbit in 2004 with the objective to measure electromagnetic 
waves and their effects. This was planned to be used for studying ionospheric 
perturbations that results from natural geophysical effects like earthquake and 
volcanic eruptions [19]. The ultimate plan is to use the satellite for early warning in 
the case of these disasters. The plasma measurement instrument consists of two 
Langmuir probes; one is cylindrical the other is spherical with a 6 cm diameter 
segmented probe. The probes are biased to ± 5 V DC and plasma density and 
temperature is determined from the Langmuir probe current-voltage curve [19]. The 
satellite operated for about 6.5 years before he was retired on December 9, 2010. 
Plasma measurement systems and techniques used in the early space age are 
not appropriate for lean satellites because of stringent constraints on sizing, mass and 
power. Recently, several successful efforts have been demonstrated to show the 
ability of lean satellites for ionospheric plasma measurements and several other 
interplanetary missions are planned [20]. Irrespective of their form factors, shapes or 
sizes, small satellites also have to satisfy several stringent design requirements 
peculiar to different missions in terms of power budget, communication and data rate, 
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and attitude determination and control system (ADCS) that directly impact accuracy 
in pointing of measurement instruments. Requirements for successful plasma 
measurement systems are either system based or design based. Factors such as precise 
attitude is system requirement and factors such as the type of sensor to be flown is 
design requirement, trade-offs can be reached among the system and design 
requirements to achieve a relatively successful mission. 
Measurement of plasma bulge and plume formations in Earth’s ionosphere 
was demonstrated using the Dynamic Ionosphere CubeSat Experiment (DICE). 
DICE-1 and DICE-2 are respectively 1.5U CubeSats mission that uses two separate 
deployable 1.3 cm diameter solid spherical gold-plated and conductive sensors that 
extend into the plasma environment from the top and bottom of the spacecraft along 
its spin axis. The two spherical Langmuir probe sensors are deployed by the use of 
scissor booms that extend 13 cm into the plasma environment from both the top and 
bottom of the DICE along its spin axis, but the booms themselves are electrically 
insulated from the plasma environment. The mission of the two DICE CubeSats is to 
map the geomagnetic storm enhanced density plasma burge and plume formation in 
Earth’s ionosphere [21]. A consortium of three universities and four corporations in 
the USA achieved the project; It was funded by the National Science Foundation [20].  
 
Fig. 2.2 External view of DICE Langmuir probes 
The LP sensors shown in figure 2.2 are biased with a DC supply up to !4 V to 
repel electrons and allow for ion ram current measurements during flight. Due to the 
nature of the orbit and the variation of the ionosphere, the Debye length is expected to 
vary anywhere between a few mm to upwards of 15 cm.  
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The Radio Aurora Explorer (RAX) project is a CubeSat based ground-to-
space bistatic radar experiment consisting of two units of 3U CubeSats (RAX-1 and 
RAX-2) developed by a team consisting of the University of Michigan and two 
companies. RAX-1 was launched to a circular orbit of attitude 650km and inclination 
of 72 degree on November 20th, 2010 while RAX-2 was launched on October 28th 
2011. The main objective of the RAX project is to study plasma instabilities that lead 
to magnetic field-aligned irregularities of electron density in the lower polar 
thermosphere (80 - 300 km), which disrupt communication and navigation signals. 
RAX-1 mission ended prematurely after more than 60 days of operation due to a 
power system anomaly [22], which resulted in the premature end of the mission. 
During the RAX-2 development, it was discovered that the RAX-1 EPS creates 
electro-magnetic interference at the same frequency as the UHF communication, and 
this was likely the cause of the daytime problems when the solar panels were 
illuminated. This limitation was mitigated in the development of RAX-2 satellite. 
 AESP-14 is a 1U CubeSat developed by consortium of Brazilian institutions 
and led by Aeronautics Technological Institute of Brazil, it was launched on 10 
January 2015 and deployed from the ISS on 5 February. The main mission is the 
study of near-Earth plasma environment and plasma bubbles in the equatorial regions 
using two units of Langmuir probe instrument to make measurements of the electron 
temperature, electron densities and the electric potential of the plasma environment 
[23]. The mission planned to special attention will be given to the Brazilian longitude 
sector to investigate whether plasma bubbles are occurring more frequently as 
compared to other areas for an assessment of the risk of a disruption of satellite 
signals. It also planned to investigate the plasma parameters to observe dynamic and 
electrodynamics processes that could be associated with plasma bubbles. After a 
month in orbit of deployment, the satellite was declared inoperative due to failure of 
deployment of antenna system that prevented communication of the satellite with the 
ground station [23]. 
The Taylor University’s Taylor Technology and Test-Satellite (TSAT) is a 2U 
CubeSat launched to an attitude of 300km on 18 April 2014 as a part of the 5th 
NASA’s Educational Launch of Nano Satellites (ELANA-5) project. TSAT primary 
mission is to map out coverage of new communication link using the Globalstar 
network of 32 satellites [24]. The CubeSat has a subsidiary mission of measuring 
plasma density, electron temperature and the satellite potential using a Langmuir 
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probe. The Langmuir probe measure use a biasing system from 0 to 4V to achieve I-V 
plot to measure the plasma parameters. 
HAVELSAT is part of the QB50 project; it is a 2U CubeSat developed by the 
Istanbul Technical University with scientific mission payload from HAVELSAN. It 
was launched on 17 April 2017 to the ISS and deployed on 16 May 2017. Apart from 
its main mission of software defined radio it also has a multi needle Langmuir probes 
for measurement of electron density [25]. 
Satellite of the University of Chile for Aerospace Investigation (SUCHAI-1) is 
a 1U CubeSat owned by the space and planetary exploration laboratory of the 
Universidad de Chile. The main payload is a spherical Langmuir probe that unfolds 
5cm from the surface of the satellite for studying the ionosphere in synchronization 
with incoherent scatter radar (ISR) by taking simultaneous measurements of electron 
density variations in the ionosphere. The satellite was launched into LEO (516km and 
97.40 inclination) on June 23, 2017. SUCHAI-1 is a proof of concept for SUCHAI-2 
and SUCHAI-3, which are future 3U CubeSats planned missions [26]. 
Ex-Alta-1 is 3U CubeSat developed by the university of Alberta; the project 
was funded by the Canadian Space Agency as part of the QB-50 constellation. One of 
its missions is to address multi-point space plasma physics measurement using multi-
needle Langmuir probes to study space weather by precisely measuring electron 
density. Other payloads are the digital fluxgate magnetometer to measure magnetic 
signatures in space weather and a radiation dosimeter, which routinely monitors 
radiation of the spacecraft. The four probe needles were stored and deployed after the 
release of the satellite. The satellite was launched into an altitude of 408km and 
inclination of 51.640 [27].  
I-INSPIRE II is an Australian 2U CubeSat designed by University of Sydney 
participating in the QB50 project. As a payload for QB50, the satellite carries a multi-
needle Langmuir probes (mNLP) for sampling the electron density of the space 
around it. At the same time it will carry three scientific instruments to fulfill the 
observation in orbit. It carries a small COTS low-resolution imager, the in-house 
developed NanoSpec Photonic spectrograph and a Geiger radiation counter. 
Little Intelligent Nano-Satellite of KAIST (LINKS) is a South Korean 2U-
CubeSat designed by Korean Advanced Institute of Science and Technology (KAIST) 
and part of the QB50 project. It carries the INMS (Ion/Neutral Mass Spectrometer), 
which measures the mass of ions and neutral atoms, as the primary payload for the 
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QB50 project. The secondary payload is two Langmuir probes, developed by Space 
Science Laboratory of KAIST. The satellite was launched with the bulk of the QB50 
constellation to the ISS in 2017 and was deployed on 18 May 2017 [28]. 
Democritus University of Thrace Satellite (DUTHSat) is a 2U CubeSats 
developed by the Greek Democritus University of Thrace (DUTH) Space Research 
Laboratory part of the QB50 mission. As a payload for QB50, the satellite carries a 
multi-needle Langmuir probes (mNLP) to sample the electron density of the space 
around it, thermistors and a magnetometer. The satellite was launched with the bulk 
of the QB50 constellation to the ISS in 2017, from where the satellite was deployed 
on 25 May 2017 [28]. 
BeEagleSat is a 2U CubeSat developed by the Istanbul Technical University 
and Turkish Air Force Academy and launched as part of the QB 50 project. Sabanci 
University will provide a CdZnTe based semiconductor X-ray detector and associated 
readout electronics. The X-ray detector aimed at utilizing cross strip geometry to test 
the detection system in space which aimed at characterizing the hard X-ray 
background in 20-150 keV at low Earth orbit conditions as a function of altitude. The 
satellite also carries a multi-needle Langmuir probes (mNLP) for sampling of electron 
density. The satellite was launched with the bulk of the QB50 constellation to 
the ISS in 2017, from where the satellite was deployed on 26 May 2017. 
Aalto-2 is a 2U CubeSat mission built by the Aalto University of Aalto, 
Finland. Aalto 2 main mission payload is a multi-needle Langmuir probes (mNLP) for 
the QB50 project sampling the electron density. The satellite was launched with the 
bulk of the QB50 constellation to the ISS in 2017, from where they were deployed. 
Aalto 2 operated for four days, when problems with the communication systems 
appeared, leading to the loss of signal soon after [28]. 
University of Patras Satellite (UPSat) is a 2U CubeSat developed the 
constructed by University of Patras and Libre Space Foundation in Greece and part of 
the QB50 mission with ID GR-02. UPSat mission hope to be the first completely open 
source satellite ever launched as all the subsystems of the satellite were designed from 
scratch in an open source software and hardware way. The satellite carries multi-
needle Langmuir probes (mNLP) for sampling the electron density. The satellite was 
launched to the ISS in 2017 and was deployed on 18 May 2017. [29] 
Hoopoe is an Israeli 2U CubeSat developed by the Space Laboratory of 
the Herzliya Science Center as part of the QB50 mission. The purpose of this CubeSat 
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includes upper atmosphere science, radio communication experiments, technology 
demonstrator, education, training and outreach. To achieve the ionospheric science 
mission, it was equipped with a multi-needle Langmuir probe (mNLP) for sampling 
the electron density and also thermistors and a magnetometer. The satellite was 
launched to the ISS in 2017, from where the satellite was deployed on 18 May 2017. 
 NJUST-1 is a 2U CubeSat developed by the Nanjing University of Science 
and Technology and VKI. NJUST-1 carry one standardized sensor for multi-point, in-
situ, long-duration measurements of key parameters and constituents in the largely 
unexplored lower thermosphere and ionosphere. NJUST also planned to participate in 
GAMANET, which is an ambitious experiment aiming to create the largest network 
ever in space. NJUST-1 CubeSat hope to use the network resources to exchange data, 
either to receive commands from ground or to send telemetry to its ground station, 
even when it is not directly in range of its ground station. It was launched on 25 May 
2017 [28]. 
The table below shows a summary of some lean satellites used for plasma 
measurement and their attributes. 
Table 2.1. Summary of Lean Satellites plasma measurement missions 
 Satellite Owner Size Mission Instrument Launch Date 
1 Dynamic Ionosphere 
CubeSat Experiment 
(DICE). 
DICE-1 
DICE-2 
(Utah State University) 
1.5U *Deployable spherical DC 
Langmuir Probe for density 
measurement. 
*Electric Field probe for 
electric field measurement. 
DICE1: 
28-10-2011 
DICE2: 
28-10-2011 
2 AESP-14 
(Aeronautics 
Technological Institute 
of Brazil) 
1U Langmuir probe 05-02-2015 
3 TSAT 
Taylor University 
2U Langmuir probe 18-4-2014 
4 AESP-14 
Technological Institute 
of Aeronautic Brazil 
1U 2 units of Langmuir probes 10-01-2015 
5 EX-Alta 1 
University of Alberta 
3U Multi-needle Langmuir 
probe 
18-04-2017 
6 HavelSat 
Instanbul Technical 
2U Multi-needle Langmuir 
probe 
18-04-2017 
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 The review above shows that most of the lean satellites that have missions 
related to plasma measurement are for lower ionospheric study and are part of the 
QB-50 project. The QB-50 project is a constellation of CubeSats for in-situ 
measurements of the lower thermosphere to build an accurate model. The project 
initial intension is to demonstrate the possibility of launching a network of 50 
CubeSats built by universities teams all over the world as a primary payload on a low-
cost launch vehicle to perform first-class science in the largely unexplored lower 
thermosphere. Most of the QB-50 constellation is equipped with either Ion/Neutral 
Mass Spectrometer or the multi-needle Langmuir probes as measurement instruments. 
University 
7 BeEagleSat 
Instanbul Technical 
University 
2U Multi-needle Langmuir 
probe 
26-05-2017 
8 LINK 
Korean Advanced 
Institute of Science and 
Technology. 
2U *Ion- Neutral Mass 
Spectrometer 
*Two units of Langmuir 
probes 
18-05-2017 
9 SUCHAI-1 
University of Chile 
1U Spherical Langmuir probe  
(Unfold 5cm from satellite 
surface) 
23-062017 
10 I-INSPIRE 
University of Sydney 
2U *Multi-needle Langmuir 
probe. 
*NanoSpec Photonic 
spectrograph. 
*Geiger radiation counter. 
26-05-2017 
11 DUTHSat 
Democritus University 
of Thrace. Greece 
2U Multi-needle Langmuir 
probe. 
 
25-05-2017 
12 UPSat 
University of Patras 
2U Multi-needle Langmuir 
probe. 
 
18-05-2017 
13 Hoopoe 
Space Laboratory of the 
Herzliya Science 
Centre. 
Israel 
2U Multi-needle Langmuir 
probe. 
 
18-05-2017 
14 NJUST-1 
Nanjing University of 
Science and 
Technology 
2U Multi-needle Langmuir 
probe. 
 
25-05-2017 
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The multi-needle Langmuir probes (m_NLP) installed on the CubeSats in the QB-50 
projects is similar in exterior look.  
 
Fig. 2.3. Isometric view of UPSat multi-needle Langmuir probes in stored state 
(Source: [29]) 
The QB-50 satellites equipped with multi-needle Langmuir probes adopted same form 
factor for the system design, they are made of four identical deployable cylindrical 
probes whose conducting part are of diameter 0.29mm and length 25mm [30]. The m-
NLP system has demonstrated its capability of measuring the absolute electron 
density and the payload floating potential on the meter scale without knowledge of the 
electron temperature or plasma potential [30]. 
Figure 2.3 and 2.4 show the configuration of the probes in stored and deployed state 
respectively. The probes were stored using a deployable lever that allow up to 900 
freedom of movement. The instrument was originally developed by University of 
Oslo and adopted by other consortiums in the QB-50 project as a standard science 
payload [31].  The m-NLP system has demonstrated its capability of measuring high-
spatial absolute electron density and the payload floating potential on the meter scale 
without knowledge of the electron temperature or plasma potential.  
 The table below shows distinguishing factors between the m-NLP from the 
University of Oslo, the Langmuir probe onboard DICE satellites developed at Utah 
State University and the double Langmuir probe system of HORYU-IV satellite 
developed at the Kyushu Institute of Technology and reported in this thesis. 
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Table. 2.2. Different Langmuir probes and their characteristics 
Characteristics  HORYU-IV DLP DICE LP m-NLP 
Satellite size 10kg, 30cm cubic 1.5U CubeSat Used on sounding 
rockets and 2U 
CubeSats 
Satellite owner University University and five 
consortiums  
University and two 
consortium 
Probe size Rectangular: 
4cm by 14cm 
Spherical:   
d =1.3cm 
Cylindrical: 
d=0.29mm,l=25mm 
Flight heritage No No Yes 
Probe mechanism Flat probes 
attached to satellite 
body. 
Deployable Deployable 
Contamination 
remedy 
Gold coated and 
High voltage bias 
Gold coated Gold coated 
Bias range 0V – 26V - 4V Fixed bias 
 
 
Fig. 2.4. UPSat showing multi-needle Langmuir probes in deployed state 
(Source: [29]) 
Apart from taking high-resolution point measurements, the m-NLP is also equipped 
with thermionic electron emitter for controlling spacecraft potential thereby 
overcoming the devastating spacecraft charging phenomenon that is a limitation of the 
single Langmuir probe technique. 
However, each of the satellite needs a comprehensive testing after integrating the 
probes on the satellites. As most of the CubeSats orbital life span is not so long, there 
was need for achieving mission success early enough. But most of the QB-50 
missions were reported to lose contact with ground station or never achieved 
communication link at all [7].  Early mortality and low success rate of the QB-50 
missions can be associated with poor ground system verification and inability of the 
 
 
 
30 
teams to set a minimum standard for space instrument design for the network. 
Most of the missions outlined above were very successful in the aspect of 
using them as an educational tool by satisfactorily providing hands-on system 
engineering to students and ability to test mission payloads. However, mission 
assurance and success is very low except for few cases where the satellite is 
developed by consortium of universities and industries, particularly in the cases where 
the science mission payload was developed by the industry and thorough system 
testing was carried out after integration of the mission payload on the satellite. 
Testing and verification of payload in universities is somewhat limited as most testing 
done to verify payload didn't have a particular defined requirement for success 
assurance.  
 
2.3 Principle of Double Langmuir Probe 
 Langmuir probes is one of the oldest and proven plasma diagnosis techniques 
[9] which operate by immersing the conductive surface of an electrode into plasma 
and applying a controlled potential to the probe and then measure the current 
collected by the probe, varying the potential will cause the current to vary. The 
characteristic current-voltage (I–V) property can be used for estimating plasma 
parameters such as electron density, electron temperature, floating potential, plasma 
potential and electron energy distribution. This technique was first used by J.J. 
Thompson [9] to measure the potential distribution in gas discharge on ground; 
Langmuir and his collaborators further developed it. Langmuir probe can be just a 
single electrode, double and also triple probes. Johnson and Malter in 1950 [8] 
described the double probes method to overcome the limitations of single probes by 
using a pair of probes of identical configurations (shape, size and material) connected 
by a variable potential source and electrically floating. 
  The main limitation of using single Langmuir probes for small satellites is the 
limited conducting area of the spacecraft, unlike the bigger spacecraft where the ratio 
of the sheath to the spacecraft size is negligible. Using double Langmuir probe (DLP) 
for plasma measurement is more reliable where reference ground is a concern, 
especially in the space environment where satellites with all its electronics are 
floating in plasma [8]. DLP is particularly advantageous over the single probe due to 
no ground issue, symmetrical current-voltage curve, no perturbation of bulk plasma, 
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no magnetic field interference, and circuitry cannot be damaged due to high electron 
current flowing in the saturation region of single Langmuir probe. However, DLP is 
not free from limitations as it can accumulate high-energy electrons and consequently, 
electron temperature can be overestimated [8]. For more than five decade, Langmuir 
probes have been installed on satellites and sounding rockets to measure ionosphere’s 
thermal plasma [32], which has contributed extensively to ionospheric studies and 
characterization of space plasma. Spacecrafts behave like a Langmuir probe in space 
plasmas [33], though their behavior is reverse of the Langmuir probe as their potential 
respond to the currents collected by its conducting areas from its environment instead 
of current as a response to potential in Langmuir probes. The sheath dimensions in 
relative to the size of the conductive parts of the spacecraft are very important in 
determining the current-voltage characteristics [10] it implies that lean satellites are 
disadvantaged in using single Langmuir probe due to issue of floating potential. 
 Figure 2.5 shows the schematic of the DLP system and figure 2.6 Shows the 
typical I-V curve of a DLP system and four important regions of the curve labeled A, 
B, C and D. Vd and id represent the differential voltage and current respectively while 
the ion saturated currents are represented as ii+ and ii-. 
Ideally, the saturation currents should be equal but reverse in polarity [8]. 
 
Fig. 2.5. DLP Schematic 
At the point when the LP+ probe is yet to be bias (corresponding to the origin of the I-
V curve (0,0),), each of the probes will collect zero current (Vd=0, id=0). As the probe 
is bias, LP- is made negative with respect to LP+ by a potential difference Vd, then 
LP+ collect more electrons and its potential is closer to the plasma while LP- collect 
less electron and its potential is pulled further away from the plasma potential. The 
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excess of electrons collected by LP+ over those of LP- flows to LP- through the 
external circuit. 
As Vd is made larger, the potential of LP- is more negative with respect to the plasma, 
at this point it does not collect any electron but only ions and the current id reaches its 
maximum (io+) represented by region B in figure 2.6. A point will be reached when id  
does not change with increasing differential potential Vd represented by region A in 
figure 2.6. 
 
Fig. 2.6 Typical I-V Curve of DLP 
 
If ii+ and ie+ are ion and electron currents respectively collected on probe LP+ and ii- 
and ie- are the corresponding currents reaching probe LP-. Equation 2.1 represents the 
equation for current balance in the circuit. !!! ! !!! ! !!!!! ! !!!!                      2.1 !! ! !!! ! !!! 
The symmetric properties of LP- and LP+ will cause a reverse in the behavior of ion 
and electron when the polarity of the system is reversed i.e. when Vd is made positive. 
The ion current at this region is given by Bohm ion current, which depends on the ion 
number density, temperature of the plasma and the surface area of the probe [13]. !!" ! !!"!! ! !!!!!!!! !"!!!                      2.2 
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The temperature of the plasma can be derived for the I-V curve using the slope of the 
line AB, BD, and CD. As the curve is symmetry, line AB and line CD have the same 
slopes because they are parallel lines. Equation 2.3 is used to compute the temperature 
for double Langmuir probe system.  !!!!! ! !! !"!!! !"!!!!! !"!!!"!!!"!!!"! !"!!"# ! !!!!!!!!!!!!!!! !"!!                  2.3 
The plasma temperature Te can be derive from a simplified form of equation 2.3 to 
calculate Te from the positive part of the ion current (i+) based on the positive voltage 
biasing. !!!!! ! !! !"!!! !"!!! !"!!!! !"!!"#                                    2.4 
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Chapter 3: HORYU-IV Plasma Measurement 
 This chapter presents the development strategy of the plasma measurement of 
HORYU-IV satellite, from electronics selection, probe selection to strategy for the 
validation of the system through several ground test and integration on the satellite to 
work as a subsystem. 
 
3.1  HORYU-IV satellite 
 HORYU-IV satellite project is a lean satellite project that was designed, 
manufactured and tested for about two years and was launched as piggy-back by H-
IIA rocket No.30 on February 17, 2016 [34]. HORYU-IV is the forth generation of 
HORYU satellite projects and a follow-up project on HORYU-II satellite that was 
launched on May 18, 2012. The main mission of HORYU-IV satellite is to acquire on 
orbit data of discharge phenomena occurring on a high voltage solar array. This is to 
further demystify the issue of satellite charging which is aimed at contributing to the 
reliability improvement of current space systems and contribute to the realization of 
next generation high power space systems [34]. 
Table 3.1 below present the specifications of HORYU-IV satellite 
Parameter Specification 
Orbit Low Earth Orbit 
Altitude 564 km 
Inclination 31 deg. 
Size 10 kg, 30cm Cubic 
Launch date 17th February 2016 (H-IIA F30) 
Attitude 
System 
Passive: 
Permanent Magnet 
 
 Plasma measurement mission became important to complement the success of 
the HORYU-IV main mission. The plasma measurement mission is to characterize 
the role of ambient plasma condition during discharge events, a double Langmuir 
probe was designed, developed and tested in order to achieve this objective.  Figure 
3.1a and 3.1.b below shows the configuration of the double Langmuir probe 
electrodes attached to the –Y and +Y axis of HORYU-IV satellite. The probes are 
rectangular gold plated plates measuring 4cm by 14cm. 
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Fig. 3.1a HORYU-IV Satellite (-Y)  
                                     
        
 
 Fig. 3.1b. HORYU-IV Satellite (+Y) 
 
During the ground testing of HORYU-IV satellite, system design specifications such 
as electrodes design configuration (shape, size and position), measurement system 
sensitivity to measure current at low Earth orbit grade plasma, contamination of 
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electrodes, and sputtering of electrodes were vigorously tested for to enable the 
system to operate successfully in space for a nominal period of 2 years. 
 
3.2.  Ground Testing and Verification 
 During the development of a space system or instruments, several ground 
experiments are essential to confirm design and perfect operation of the system in 
space. This test should be done in environments as close as possible to the actual 
space environment. Experiments were performed to confirm the operation of the 
plasma measurement system and its accuracy was also validated. The ground testing 
was conducted at the Laboratory for Spacecraft Environment Interaction Engineering 
(LaSEINE) of the Kyushu Institute of Technology. 
 
3.2.1 Vacuum System 
 The vacuum system for the ground experiment was generated inside a squared 
shaped steel chamber with the dimension, Width 115cm, D 100cm and Height 75cm. 
The chamber is evacuated by a cryogenic pump (Ulvac Cryogenics, Model: CRYO-U 
16) backed by two mechanical pumps connected in series. The two mechanical pumps 
were able to generate rough vacuum to the order of 10-2 Pa, after the rough vacuum is 
attained, the cryogenic pump was switch ON and drive the vacuum level to the order 
of 10-5 Pa. Table 3.1 shows the specification of the cryogenic pump and the rotary 
pumps.  
 
Fig 3.2 Square Chamber Vacuum System Configuration 
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3.2.2. Plasma Source 
 The plasma source used for the ground experiment is radio frequency (RF) 
plasma which is an example of an inductive coupled plasma (ICP) generated by an RF 
generator at 13.56MHz of model no T857-2 combined with a matching box of model 
no L/CON300PF and C-102Y. Argon gas was fed at a flow rate of 10sccm controlled 
by a flow-meter (STEC Mass flow system, Model: PAC-3HS) and the power level 
was set below 20W. During the experiments, the gas pressure inside the chamber was 
maintained at 2.2x10-2 Pa.  
 
Fig 3.3 STEC PAC-3HS MFC mass flow controller 
 
 
Fig 3.4 STEC MFC SEC-B40 mass flow controller 
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The chamber was evacuated by a cryogenic pump (Ulvac Cryogenics, Model: CRYO-
U 16) backed by two mechanical pumps connected in series. The pressure during the 
experiments was kept at 1.3x10-2 Pa.  
 
 
Fig 3.5 RF generator powered by 100V AC. 
 
 
Fig 3.6 RF Plasma Generation Principle 
 
3.3 HORYU-IV Double Langmuir Probe System Design 
 The double Langmuir probe system consists of a biasing system, measurement 
system and the double electrodes. These systems were carefully selected to meet the 
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requirements defined during the Mission Definition Review (MDR) and constraints 
impose by the satellite bus system (structure, power and data handling). Important 
requirements imposed dues to the plasma environment for the specified satellite orbit 
was also taken into consideration for selecting the design specifications. 
 
3.3.1. Probe biasing and Measurement System  
 The probe biasing circuit consists of two sequences depicted as 1 and 2 in 
Figure 3.7, the first sequence consists of a designed RC circuit (1 M", 10 µF) to bias 
the LP+ from 0 V to 26 V. The 10µF capacitor in the RC circuit is charge by a 26 V 
supply from a DC/DC converter run by 5 V (simulating satellite bus). During 
charging phase, the LP+ connected to the RC at point where V1 is measured and 
recorded by a data logger into the computer. 
 
Fig 3.7  DLP Biasing RC circuit and reset switch for capacitor. 
 
 The symmetric probes LP+ and LP- were connected through cables fed to the 
probe biasing circuit placed outside the chamber on a test bench.  During the LP+ bias 
phase, V2, which is the voltage drop across the 5 M" resistors, is also measured and 
recorded by the data logger into the computer. The second phase represents the 
capacitor discharging phase, after voltage saturation, capacitor needs to be reset to 0V 
for the next run by discharging it through a transistor controlled by a signal on a 
Photo MosFet from a microcontroller. The voltage difference (V1-V2) between 
probes LP+ and LP-is represented as Vp. 
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Fig 3.8  Engineering Model of BigApple circuitry board showing DLP Circuit 
The values of V1 and V2 can be used to compute the I-V curve of the double 
Langmuir probes. 
The DLP mission payload onboard HORYU-IV satellite consist of two identical 
rectangular electrode (gold coated FR4 material) of size 14cm by 4cm and the probe 
biasing electronic circuits to supply voltage and measure the voltage supplied and 
associated current flow from the plasma.  
 
Fig. 3.9 Schematic of HORYU-IV DLP System 
 
3.3.2 System Control and Data Handling 
  As a mission payload, interfaces with other systems such as power, command 
for mission execution, data storage and downlink in the satellite system must be 
design based on design specifications and tested on the ground. The DLP electronics, 
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control system and data handling system is part of the BigApple, the board shared a 
common PIC microcontroller (BigApple_uC), which performs all control and data 
handling functions, based on command from the satellite onboard computer. 
The BigApple board consists of four other mission electronics, Viz: vacuum arc 
thruster (VAT), electron emitting film (ELF) and photoelectric current measurement 
system (PEC). The schematic of the board is shown in figure 3.10. 
 
Fig. 3.10 HORYU-IV BigApple system 
 
  DLP mission is controlled by ON and OFF signals from the satellite onboard 
computer (OBC). The ON and OFF control signal consists of 5 photo-MOSFET 
switches (SW) as shown in figure 3.9 that perform 3 main functions, viz; one unit of 
SW for capacitor discharge (SW-1), two units of switches for DLP mission command 
(SW-2 and SW-3), and two units of switches for probe cleaning function by 
connecting to the GND of the satellite high voltage bus line (SW-4 and SW-5). All 
the DLP system has the same ground that is isolated from the satellite bus through an 
Operational Amplifier (OP-Amp) Isolator. The photo MOSFET used in the 5 switches 
uses the enhanced type (Normally OFF) MOSFET. The selected photo MOSFET is 
the 4 pins single in-line (SIL) Panasonic AQZ104, it was selected because of its 
compact size and high input isolation voltage up to 2.5kV. It is smaller, lighter 
weight, easier to drive and high speed than conventional mechanical relays.  Any of 
the 3 types of signals from the BigApple microcontroller as shown in figure 3.9 
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(capacitor discharge, mission, and probe cleaning) closes the MOSFET switches and 
enable the function to be performed. 
 To avoid the floating potential issue of single Langmuir probes, isolating the 
DLP circuitry on the BigApple board entirely from the satellite bus system became a 
salient requirement. Hence, there was need for an isolator that can effectively achieve 
this. The Analog Devices® ADuM4190 was selected because of its high stability 
isolation error amplification. Two units of ADuM4190 isolators were used to isolate 
the voltage and current measurement systems via Ch.1 and Ch. 2 of Fig. 2 and Ch. 3 
and Ch. 4 of figure 3, it can isolate up to 5kV at 1% error [35]. 
 
Fig 3.11 Functional diagram of ADu4190 OpAmp Isolator 
 
3.4.  HORYU-IV Double Langmuir Probe Operation Experiment 
3.4.1 Double Langmuir Probe Experiment 
 The first experiment was to validate the operation of a pair of flat Langmuir 
probes as a double Langmuir probe system and give the characteristic current-voltage 
(I-V) curve of a double Langmuir probe. The experimental set-up is shown in figure 
3.12. The biased probe is marked as LP+ and the reference probe is marked as LP-. 
The bias voltage was supplied by a source meter (Keithley 2400) in order to achieve 
bias in both the positive and negative voltage range. Ion current received by reference 
probe was measured by the voltage drop across a 5 M" resistor. Both LP+ and LP- 
voltages were measured by two digital multi-meters (Keithley 2000) that are 
separately controlled by LabVIEW software program on a computer.  Figure 3.13 
shows the experimental result using a voltage source meter at four different voltage 
ranges to bias the probes and measured data was recorded by digital multi-meter 
(DMM) controlled by computer.  The probes were biased at four different bias 
voltages from -100V to +100V, -50V to +50V, -30V to +30V, and 0V to +30V, the I-
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V patterns show that the operation of the double Langmuir probe system is same as a 
standard double Langmuir probe shown in figure 2.3. However, at high positive and 
negative voltage the current does not saturate, this is due to the rising of the sheath 
thickness  [9]. 
 
Fig. 3.12  Experimental setup to validate DLP operation. 
 
 
Fig 3.13  Current Voltage plot for Double Langmuir Probe  
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3.4.2 Langmuir Probes Comparism Experiment 
 The second experiment is to validate the accuracy of the DLP measurement 
using single Langmuir probes; these single Langmuir probes serve as control 
experiment to demonstrate and investigate the distribution of Plasma inside the 
vacuum chamber. Two sets of single Langmuir probes made of gold were located at 
70 cm apart in the square chamber. The two rectangular plates, 4cm x 14cm each, 
made of gold were fixed on the +Y and –Y axis of HORYU-IV satellite structural 
thermal model (STM). All circuitry were placed outside the plasma chamber and 
connected to all probes inside the chamber through the vacuum chamber 
feedthroughs. Figure 3.14 shows the locations of the probes viewed from the top of 
the chamber. The plasma source is located at the ceiling of the chamber. The distance 
from the plasma source exit to each probe is the following; SLP1 70 cm, SLP2 30 cm, 
DLP 40 cm (symmetrical). It was ensured that the probes were setup to be far away 
from the chamber wall, at least 20 cm apart, to prevent the sheath of the probes from 
interacting with the wall of the chamber. 
A Keithley source meter was used as a voltage source and measure the current of the 
spherical Langmuir probes, SLP1 and SLP2. The plasma measurement electronics 
were connected to the DLP and the data was collected by computer.  
 
Fig 3.14  Plan view of vacuum chamber showing probe arragements inside to confirm 
plasma distribution. 
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Fig 3.15 I-V Curve for two different Single Langmuir Probes located at different 
points in the vacuum chamber to demonstrate the distribution of Plasma inside the 
vacuum chamber. 
 
 
Fig. 3.16  I-V Curve for double Langmuir Probe  
Figure 3.15 and Figure 3.16 present the representative I-V curve for the two cases 
respectively and Table 3.1 gives the computed plasma parameters. The computed 
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plasma temperature Te, plasma density ne and Debye length #D of the plasma showed 
a great compliance for all the three probes. 
Table 3.2 Computed values for plasma parameters measured by three different 
methods. 
Probe 
Configuration Te (eV) ne (m-3) !D (cm) 
SLP1 5.7 1.5x1012 1.5 
SLP2 4.0 5.1 x1012 0.65 
DLP_H4 3.1 8.7 x1012 0.44 
 
3.5 Ground Experiment Validation   
 Experimental results for the developed double Langmuir probe system were 
compared with experimental results for single Langmuir probes with same 
experimental conditions as shown in figure 3.14 and results in table 3.1. Validation of 
the single Langmuir probe was essential to confirm its accuracy. Validation of the 
experimental current-voltage plots for the single Langmuir probes was done using the 
theory of Langmuir probe by Laframboise in 1960s [36].  Table 5c of Reference [36] 
was used.  
 
(Source [36]) 
 The table provided theoretical factors of electron saturation current (Ies) 
values for different values of the ratio of eφp/kT against the ratio Rp/#D where e is 
fundamental charge, φp is the electrical potential of the probe with respect to the 
plasma, kT is the plasma temperature, Rp is the radius of the spherical probe (1.5 cm) 
and #D is the Debye length.  
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 The I-V curves for the two single Langmuir probes of figure 3.15 were 
subjected to the theoretical analysis environment and these experimental results were 
plotted against theoretical numbers derived from Table 5c of reference [36] as shown 
in figure 3.17. Plots of the cases of Rp/#D=1 for SLP1 and case of Rp/#D=2 for SLP2 
although the experimental result gives Rp/#D=2.3. From figure 3.17, it is evident that 
the theoretical analysis and the experiment agree with each other within a factor of 
1.5, demonstrating that the single Langmuir probe is valid. 
 
 
Fig. 3.17.  Experimental and Theoretical I-V curve for single Langmuir probe. 
 
Comparing the double Langmuir probe and the single Langmuir probes, the 
plasma density derived by the double probes is more than those measured by two 
single Langmuir probes (SLP1 and SLP2). As DLP was closer to the plasma source as 
than SLP1 as shown in figure 3.14, it is understandable that DLP density is higher 
than SLP1 density. DLP density, however, is still larger than SLP2. Considering the 
discrepancy between the theory and the experiment of SLP, the density at SLP1 
location is between 0.75x1011 m-3 and 2.2x1012 m-3. The density at SLP2 is between 
2.5x1012 m-3 and 7.5x1012 m-3. Assuming that DLP value is the middle between the 
SLP1 and SPL2 values, it is between 1.5x1012 m-3 and 5x1012 m-3. The measured DLP 
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value is 8.7x1012 m-3. Overall, DLP can overestimate the plasma density by a factor of 
5 at most. 
The third experiment was to compare the operation of the designed DLP 
system connected to the engineering Model electronics with a standard single 
Langmuir Probe measurement. The BigApple electronics board as shown in figure 3.8 
shows the BigApple electronics board where four mission electronics were 
implemented including the DLP electronics. The DLP on HORYU-IV STM were 
made up of two flat probes made of gold plated PCB attached on the +Y and –Y axis 
of the satellite as shown in figure 3.1a and 3.1b, these probes were biased with the 
probe biasing circuit. The voltage and current data were collected through the 
designed measurement circuit by the BigApple PIC microprocessor shown in figure 
3.10. The data was then transferred from the PIC microprocessor to the computer data 
logger. During the experiment, the circuit board was placed outside the chamber. The 
single Langmuir probe was biased with the voltage source meter and voltage and 
current data was also collected with the source meter. 
 
Fig. 3.18  I-V curve of single Langmuir probe measured by Source meter 
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 From the I-V curve shown in Figure 12 and Figure 13, plasma parameters 
(electron temperature (Te), electron density (ne), and Debye length (#D)) were 
calculated and the results are shown in Table 3.2. Result obtained from single 
Langmuir probe (SLP) and DLP as shown shows that the developed DLP system 
including electronics is able to measure the plasma parameters.  
 
 
Fig. 3.19.  I-V curve of double Langmuir probe measured with the Plasma 
measurement circuit 
Table 3.3 Computed values for plasma parameters for single Langmuir probe and 
double Langmuir probes. 
Langmuir Probe 
Type Te (eV) ne  (m-3) !D (cm) 
Single Langmuir 
Probe 
2.8 1.1 x1011 3.8 
 
Double Langmuir 
Probe 
4.3 1.3 x1011 4.3 
 
 
3.6.  Design Requirement Specifications 
During the development of the HORYU-IV plasma measurement system, 
there was need for the system to comply with several design specifications both from 
the satellite system and also on succesful operability in space. During the 
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development of the electronics, requirements defined by the satellite bus system 
(structure, power system, communication system) needed to be complied with. As the 
satellite mass need to be as within specified, the mass budget need to be complied 
with. The satellite power bus could supply 5V to the system and also connubication 
and data handling format need to be complied with by all mission systems.  For a 
succesful space mission, there are important system requirements that the space 
mission systems should satisfy for a high mission assurance. Space environment is 
different from ground, it is an hostile and harsh environment [10]. Any system that 
would be launch and operate in space need to be test-proven on ground to operate 
succesfuly in the space environment.  Hence, there is need for important design 
considerations such as: 
1. System operability in low earth orbit grade plasma environment,  
2. Mitigation of on-orbirt probes contamination due to ion deposition,  
3. Rate of sputtering of gold coating on electrodes to confirm the operability of the 
DLP mission for a 2 years nominal period.  
One of the most important requirements for the plasma measurement system is 
to perform ground testing for the system in a plasma environment close to low Earth 
orbit plasma grade. In most of ground tests for space systems, the accuracy of the 
plasma environment has not been perfectly same with that of the actual space 
environment in terms of composition of the plasma, plasma density and electron 
temperature [37]. For the HORYU-IV plasma measurement system, simulation data 
from International Reference Ionosphere (IRI) computation [38] shows that for one 
solar cycle, the electron temperature is in the range of 0.07eV ! Te ! 0.24 eV and the 
electron density can be between 8x109 m-3 ! ne ! 8x1011 m-3. Practically, plasma 
temperature in Low Earth orbit is of the order of ~ 0.1eV [37]. This was practically 
demonstrated at the laboratory but up to about 1.3eV was achieved [38] this is about 
10 times that of the expected space environment. This situation was tried to simulate 
in the laboratory, the plasma source was covered with an aluminum box having an 
opening of diameter of 10 mm as shown in figure 3.20 and keeping the probes away 
as much as possible from the plasma source.  
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Fig 3.20 Aluminum Box Covering Plasma Source 
The plasma power was set to as low as 10W, possible lowest value with a gas 
flow rate of 10 sccm controlled by the STEC MFC SEC-B40 mass flow controller. 
The two square plates, 4 cm by 14cm each, made of gold were fixed on the +Y and –
Y axis of HORYU-IV STM and were biased using the engineering model circuit 
board. All circuitry were placed outside the plasma chamber and connected to all 
probes inside the chamber through the vacuum chamber feedthroughs. 
 
 
Fig. 3.21 Plasma Gun Connected to the Chamber 
After the plasma become stable, data was collected and the I-V curve was drawn as 
shown in figure 3.22, electron temperature and density was calculated and found as 
1.3 eV and 2.7x1010 m-3 respectively. This result shows that the plasma measurement 
system have enough sensitivity to measure as low as 10nA current. With 10 nA, 
assuming the electron temperature of 0.07 eV, the lowest plasma density we can 
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measure in orbit is 2.9x1010 m-3. This value is higher than the requirement, 8x109m-3, 
but it is good enough considering the nature of lean satellite mission.  
 
Fig. 3.22  Plasma parameter measured with double flat probe at low plasma condition  
 
Another important issue to be taken care of is the contamination of Langmuir 
probes electrodes in space plasma. The double Langmuir probe mission for HORYU-
IV satellite is planned to be able to measure plasma  parameter throughout the 
nominal life span of the satellite. However, continual exposure of probe electrodes to 
plasma environment makes the surface dirty due to heavy ion contaminations and 
hence introduced errors in the the estimation of electron temperature measurement 
[39]. The double Langmuir probe mission for HORYU-IV satellite is planned to be 
able to measure plasma  parameter throughout the nominal life span of the satellite. 
However, continual exposure of probe electrodes to plasma environment would make 
the surface dirty due to heavy ion contaminations and hence introduced errors in the 
the estimation of electron temperature measurement 
 On-orbit probe contamination effect was planned to be overcome through ion 
bombardment by using high voltage generated by HORYU-IV satellite. Figure 3.23 
shows the experimental setup representing the system connecting the DLP system to 
the GND of the high voltage solar array (HVSA) system of HORYU-IV satellite, the 
connection allows the probes to be negatively biased up to -300V which allow ion to 
spontaneously hit the surface of the probes thereby serving as a cleaning technique 
when the probes surface becomes contaminated. In the laboratory, the effectiveness of 
cleaning by high voltage has also been investigated [40]. The experimental set up for 
 
 
 
53 
probe contamination remedy is shown in figure 3.23 by applying negative 300 V for 5 
minutes to the probes kept inside the chamber where the plasma density was in the 
order 1011 m-3.  
 
Fig. 3.23.  Experimental setup for Laboratory demonstration of Probe contamination 
cleaning using -300V. 
 
The I-V curves taken before (blue line) and after (red line) the cleaning is shown in 
figure 3.24 From the I-V curve it is clear that -300 V bias effectively clean the probe 
surface. 
 
 
Fig. 3.24. Probe contamination remedy experimental result 
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Exposure of electrodes to heavy ions causes the surface of the electrode to 
sputter after long time operation [41], erosion of gold from the surface of the 
Langmuir probes was envisaged due to ion bombardment especially during 
application of -300V on the probe surface. An important design consideration is to 
design the appropriate gold thickness that can be sustained throughout the two years’ 
operation life span of HORYU-IV satellite.  
Combining ion current crossing over the sheath boundary and sputtering rate 
relationship as shown in equation.3.1 and equation 3.2. !!!! ! !!! ! !!!!!                         3.1 
JC-L is ion current crossing over the sheath boundary, e is unit electronic charge, ni is 
the ion number density, k is Boltzmann constant, Te is the average energy of electron 
and mi is the mass of ion. The sputtering rate is given as: ! ! !!!!! ! ! ! !!!!                         3.2 
Where !Z  is the sputtering rate measured in meter per seconds, M is the molecular 
mass, S is the sputtering yield for the material, ! is the density, e is unit electronic 
charge and NA is Avogadro number. 
From equation 3.1 and using International Reference Ionosphere (IRI) data applicable 
for HORYU-IV orbit, where Te is about 0.1eV (considering upper limit for the ion 
density of 1x1012 m-3) and using other constants values, the maximum current density 
is computed to be about 1.2x10-4 Am-2. 
From equation 3.2, using the value of maximum current density of 1.2x10-4 Am-2 
computed from equation 3.1 and assuming a sputtering yield of 1.6 atoms per ion, and 
considering density and molecular weight of gold material [42]. The sputtering rate 
was computed as 2x10-14 m/s. It implies that about 0.66 !m thickness of the gold 
would be sputtered in 1 year and about 1.98 !m thickness would be sputtered away in 
3 years if we continuously bias the probes with -300V. However, the probes will not 
be bias continuously. Therefore, we chose 1!m thickness for gold coating of 
HORYU-IV DLP. 
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Chapter 4 
  This chapter gives a detailed satellite operation and on orbit data downlink and 
analysis. It also provides a comprehensive validation methodology for the on orbit 
data using a particle simulation tool and also through comparison with standard data 
from NASA’s Virtual Ionosphere, Thermosphere, and Mesosphere Observatory 
(VITMO). 
 
4.1 On-Orbit Experiment 
  On February 17th, 2016 HORYU-IV satellite was successfully launched into 
orbit onboard a H-IIA rocket from JAXA’s Tanegashima launch centre and up till 
today (2018.05.01) the satellite health is okay based on telemetry data received at the 
ground operating and control centre of the Kyushu Institute of Technology, 
Kitakyushu, Japan. 
 
4.2.  On Orbit Data 
  From the ground station located at the Kyushu Institute of Technology, several 
plasma missions were initiated through uplink commands and the onboard 
experimental data were downloaded and processed. However, the onboard data shows 
a slightly different behavior from ground experiment. During ground tests of the 
system, the plasma testing facility could achieve as low as 1.3eV, this is about an 
order of magnitude more than temperature in low earth orbit plasma. Biasing from 0V 
to 26V was appropriate for a temperature of 1.3eV, but the temperature in space for 
HORYU-IV satellite orbit is approximately about 0.1eV. This is a limitation in the 
system as it would have been more appropriate to bias from 0V to 5V and higher 
frequency for more detailed data sampling to reveal the plasma temperature in orbit. 
Another factor is the body mounted effect, as the probes are mounted on the satellite 
body the Among other factors, this is due to variation in satellite configuration in 
space, which is quite different from ground experiments especially due to the reason 
that ground experiment could only provide for static situation for satellite while 
satellites are in continual motion in space, this is particularly because of body 
mounted effect as the two probes were mounted on the satellite body. Also several 
other space environment conditions influences the satellite, while only plasma was 
exerted on the satellite during ground test. All the on-orbit mission experiments were 
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conducted when the satellite was over the ground station at Kyushu Institute of 
Technology.  
  The experimental date and time were extrapolated using Obitron® satellite 
tracking software to compute the latitude, longitude and height of the satellite for the 
different experimental dates. Table 4.1 shows different experimental times (JST) and 
satellite location. 
Table 4.1.  Experimental time, satellite location and IRI-predicted plasma parameters 
Experimental 
Date 
Time (JST) 
 
Sunlight 
Situation 
Satellite Location IRI Prediction 
 
DD:MM:YY 
 
HH:MM:SS 
Yes- Y 
No- N 
Lat. 
(0N) 
Long. 
(0E) 
Height 
(Km) 
Te 
(eV) 
Density 
(m-3) 
18:Mar:2018 11:56:56 Y 31.13 119.55 560.28 0.19 1.6x1011 
27:Feb:2018 13:57:35 Y 30.66 134.13 553.94 0.20 1.4x1011 
22:Feb:2018 19:10:45 N 28.64 127.56 561.11 0.15 4.9x1010 
10:Jan:2018 15:11:07 Y 31.14 119.03 569.20 0.25 6.2x1010 
17:Oct:2017 08:51:17 Y 31.11 123.55 567.41 0.23 8.0x1010 
16:Oct:2017 07:17:48 Y 31.07 147.59 566.70 0.27 5.0x1010 
12:May:2017 14:15:33 Y 30.77 128.36 555.36 0.19 1.8x1011 
11:May:2017 14:15:06 Y 31.00 119.96 555.20 0.19 1.7x1011 
15:Feb:2017 10:55:33 Y 19.07 136.27 573.10 0.17 1.7x1011 
11:Feb:2017 11:01:20 Y 22.53 139.46 572.95 0.20 1.4x1011 
17:Nov:2016 00:38:40 N 23.29 134.87 562.32 0.07 1.6x1010 
24:Oct:2016 14:41:59 Y 24.01 112.83 574.60 0.19 2.3x1011 
14:Oct:2016 16:39:38 Y 10.39 111.44 570.84 0.13 2.7x1011 
04:Jul:2016 19:49:12 N 28.58 131.29 575.77 0.15 1.1x1011 
20:Jun:2016 02:50:32 N 23.10 121.80 556.90 0.08 6.2x1010 
20:May:2016 23:44:20 N 22.91 120.19 555.63 0.08 1.3x1011 
 
The precise location of HORYU-IV satellite (latitude, longitude and height) during all 
experiments as provided in Table 1 were estimated using Obitron® software. This 
location was interpolated using NASA’s Virtual Ionosphere, Thermosphere, 
Mesosphere Observatory (VITMO) [43]. International Reference Ionosphere (IRI-
2012) from VITMO provides location and time specific space environment 
parameters such as electron density, total electron content and electron temperature 
(Te). Table 4.1 also lists the electron temperature and density predicted by IRI.  
The values in Table 1 above are to show comparison of HORYU-IV double Langmuir 
probes onboard data with IRI data for reference purpose and not for verification of the 
onboard data as the IRI reference data is a representation of the ionospheric plasma 
density and temperature on average.  
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4.3. Data Processing 
  Mission data from the satellite were downlinked to Kyutech ground station 
when the satellite passed over the ground station after the plasma measurement was 
performed. Figure 4.1, 4.2, 4.3, 4.4 and 4.5 show the current-voltage characteristic 
plots for all on-orbit experimental data presented in Table 4.1 above. The values 
represented are the experimental date (JST), experimental time, temperature and 
density from IRI respectively. From these curves, the differential current with respect 
to voltage can be computed. The horizontal axis is the voltage applied between the 
two electrodes of the double Langmuir probes. The flat data at 450nA is not the 
saturation current but an artifact because the current more than 450nA cannot be 
measured due to limitation of the measurement instrument. 
Computation for plasma parameters were attempted using equation 4.1  !"!!! !"!! ! !"!"!!!!!             4.1 
From equation 4.1, Iis is the ion saturation current and Te is the electron temperature. 
The electron temperature derived became several electron volts, which is too high for 
ionospheric plasma. The reason is poor data sampling near the floating voltage. 
Because the voltage is measured while the capacitor 10$F was charged through 
10M" register by the 26V bias and the data were sampled at a frequency of 10Hz. 
The voltage rose very quickly making the measurement circuit miss most of low 
voltage part. The charging time should have been designed longer from the RC 
combination i.e. larger RC, or the sampling rate faster, or the bias voltage lower, or all 
of those. As the ground verification was done using Argon discharge plasma of 
several electron volts temperature, this point was not noticed. This is the biggest 
lesson learned to be reflected to the future missions.  
The limitation of the on-orbit data to derive reliable electron temperature, decision 
was reached to validate these on-orbit data through computer simulations. Fortunately, 
the electron temperature does not differ much in day and night, a factor of two or 
three at most as it is seen from the values of Te listed in Table 4.1.  
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Fig. 4.1. DLP onboard mission data (1) 
 
Fig. 4.2. DLP onboard mission data (2) 
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Fig. 4.3. DLP onboard mission data (3) 
 
 
Fig. 4.4. DLP onboard mission data (4) 
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From the experimental data shown in Table 4.1, on 16th February 2017, mission 
command was initiated and on 17th October 2017 cleaning command was sent to the 
satellite. At about Five hours after the cleaning, a new mission command was initiated 
on 17th October 2017 so that the 16th October 2017 and 17th October 2017 mission 
time would be reasonably about same local time for different days. The probe biasing 
with -300V was done over one orbit, which is about 90minutes, this is aimed at 
providing remedy to contamination on the probe surface. Presently, there is not strong 
evidence to confirm the effectiveness of the high voltage bias. However, figure 4.4 
above shows a little appreciable data increase between 16th October and 17th 
October, this can be assumed to account for high voltage probe cleaning immediately 
on 16th October after performing the mission. During system development, 
simulations show that 0.66 !m of gold would sputter away in one year if bias 
continuously with -300V [40]. This informed the decision for designing the probe 
with a 1um layer of gold, for this design it we are sure that all the layers of gold 
coating cannot sputter away even if we continuously bias the electrodes for two years. 
The high voltage bias on 17th October 2017 was carried out for 90minutes (one 
orbital period), hence it is expected that 0.11nm would sputter away during this bias. 
 
Fig. 4.5. DLP onboard mission data (5) 
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4.4.Computer Simulation 
  On-orbit experimental data were validated through simulations using a 
combination of Particle-in-Cell and Particle Tracking algorithm. The algorithm is 
explained in Ref.  [44] is made of simulation that consists of an iterative calculation 
of the electric potential and the ion current. This simulation is to calculate a steady 
state simulation, not transient. Several validation tests showed that this algorithm 
satisfactorily agreed with laboratory experiment including the wake effects [45]. The 
code has been used in different satellite designs [45]. 
 
4.4.1. Simulation Models 
  The double Langmuir probe electrodes (LP+ and LP-) as shown in figure 1a 
and figure 1b is made up of 2 electrodes with dimension of 4cm by 14cm attached to 
the opposite sides of a hood of length 30cm located on the +Y and –Y axis of 
HORYU-IV satellite. This configuration formed a prism of dimension length 30cm, 
width of 4cm and height of 14cm. The prism geometry is modelled in the 
computational domain as shown in figure 4.6. One of the prism surfaces  is biased at 
different voltages. The other surfaces are fixed to zero potential. The computational 
domain is 128cm x 64cm x 64cm with each grid of 1cm. The computational boundary 
is fixed at zero potential. The plasma was injected from the boundary according to the 
plasma condition specified. No magnetic field is included in the simulation as the ion 
motion is not affected much. The simulation parameters are listed in Table 4.2 below. 
The plasma parameters were chosen to compare the simulation result with the 
measurement made on May 12, 2017 where the IRI gives 0.19eV and 1.8x1011 m-3 as 
the electron temperature and density respectively. 
 
Fig. 4.6.  Simulated rectangular prism and the  coordinate axis 
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Table 4.2.  Simulation Model 
Simulation parameters Values 
Domain grid (cm) 128 x 64 x 64 
Object size (cm) 30 x 4 x 14 
Plasma density (m-3) 2 x1011 
Prism surface potential (V) -0.1, -0.5, -1, -10, -15, -20 
 
4.4.2. Simulation Conditions 
 The computational domain is filled withh maxwellian plasma at the beginning 
of the computer simulation in MUSCAT environment. The plasma has a drift velocity 
of 8km/s representing low Earth orbit condition. All the body surface potential is zero 
at the initial condition. One prism surface (-X in Fig. 4.6) is biased to a negative 
potential. The plasma surrounding the prism responds and forms a plasma sheath 
around the prism. This process is calculated using the PIC algorithm [44]. While the 
plasma sheath is formed, electrons and ions are injected from the computational 
boundary. Their motion is tracked while keeping all the electric potential constant. 
The number of electrons and ions reaching to the body surfaces are counted to 
calculate the current collected by the surface. The simulation is continued until the 
plasma environment surrounding the body settles to the steady state. The current 
collected by the body also becomes steady.  
 The ion and electron currents collected by the biased surface are compared 
with the experimental values. One difficulty is that we cannot know the satellite 
attitude during the plasma measurement. Therefore, it is difficult to decide a model 
for the plasma flow direction. Seven cases for different plasma flow velocity direction 
were implemented in the simulation. The plasma flow angle, %, was varied for each 
case as shown in figure 4.7. In the first case, the plasma flow direction is 
perpendicular to the biased surface, i.e. the plasma flow is toward +x direction. The 
other cases, the plasma flow velocity direction were changed  by 30 degree steps.     
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Fig. 4.7. Plasma flow direction 
 
4.4.3. Simulation Results 
 Current distribution collected at each computational grid on the object surface 
is shown in figure 4.8a, 4.8b and 4.8c at different plasma flow directions. The current 
value is the one collected by each grid of 1cm x 1cm. Ions are collected not only by 
the negatively biased surface but also by the zero potential body surfaces. We plotted 
the current collected at the biased surface for each plasma flow angle (0, 30, 60, 90, 
120, 150, 180 degree respectively) and show the results along with the experimental 
observation of May 12, 2017 in figure 4.9. 
The ion current is maximum when the plasma flow is perpendicular to the surface. it 
is expected, the ion current becomes the maximum when the plasma flow is 
perpendicular to the surface, as shown in figure 4.8a. 
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Fig. 4.8a. Current distribution on the prism surface when ion flow perpendicular to 
the biased surface. 
 
 
 
Fig. 4.8b. Current distribution on the prism surface when ion flow at 60 degree to the 
bias surface 
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Fig. 4.8c. Current distribution on the prism surface at 120 degree deflection from the 
perpendicular direction. 
Figure 4.9 shows plots of the current collected at the biased surface for each plasma 
flow angle of 0, 30, 60, 90, 120, 150, 180 degree respectively, the experimental data 
lies between 90 degree and 120 degree. 
 
Fig. 4.9. Comparing simulation cases with experiment data 
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To find the best match with the experiment, several other simulations were carried out 
by changing the incident angle gradually between 90 and 120 degree as reveled by 
figure 4.9. The best match was obtained when the plasma flow direction is 104 degree 
as shown in figure 4.10. 
 
 
Fig. 4.10. Best match between simulation and experimental data 
 
To see the effect of the plasma density on the collected current, we did two other 
simulation cases with the densities of 1x1011m-3 and 4x1011m-3. In figure 4.11, the 
simulation results were plotted with three different densities but with the flow anlge 
of 104 degree are plotted together with the experimental data of May 12, 2017. This 
result reveals that the current collected by the probe surface is not linear to the plasma 
density as the ion motions near the biased surface is determined by the shape of the 
plasma sheath whose size does not scale linearly to the plasma density. 
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Fig. 4.11. Simulation of different ion currents at 104 angle degree 
 
 
Fig. 4.12. Different plasma densities match the experimental data  at different angles 
 
 The simulation cases were plotted by varying the plasma flow angle at 
different plasma densities of 1x1011m-3  and 4x1011m-3 as shown in figure 4.12, this is 
to get the best match with the experimental data. The low density, 1x1011m-3 gives the 
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best match at 94 degree. The high density, 4x1011m-3 gives the best matches at 107 
dgree. It is mostly likely when the satellite did the experiment on May 12, 2017, the 
probe surface with the negative potential was facing the wake direction, the opposite 
from the flight direction. This situation cannot be veryfied through the satellite 
attitude system as the system does not have capability to reveal such information. 
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Chapter 5 
  This chapter provides a comparison between predicted selected requirements 
during HORYU-IV plasma measurement system and the deviation that happened 
during real on orbit operation. This is to propose best practices for future plasma 
measurement systems for lean satellite for higher mission assurance. 
 
5.1 Discussions and Lessons Learned 
  The computer simulation revealed that the plasma flow direction greatly 
affects the DLP measurement result. The size of HORYU-IV is 30cmx30cmx30cm. 
The object simulated is 30cmx4cmx14cm, equivalent approximately to the size of 3U 
CubeSat, taking only the DLP electrodes. Even with the smaller size, the plasma flow 
direction is very important as it impact the accuracy of measurement results.  
Plasma measurement is one of popular missions onboard a CubeSat as it is regarded 
relatively simple and consumes little power. But without proper precautions, it will 
make the interpretation of on-orbit data very difficult. The first lesson we learned is 
that the voltage sweep at the low bias voltage should be slow enough to obtain enough 
data samples to reveal the plasma temperature of 0.1 to 0.2eV in Low Earth Orbit. 
This point was overlooked during the pre-launch verification as the lowest plasma 
temperature that could be achieved by the ground test system was 1.3eV [38], an 
order of magnitude more than the temperature in orbit. The number of data sampled 
was enough to reveal the temperature of 1.3eV, but not enough for the temperature of 
0.2eV or lower. The pre-launch verification of a mission payload should be done in a 
flight-like environment as much as possible. When we look at the ground verification 
result, the difference from the real environment should be always kept in mind.  
The second lesson is that knowing the satellite orientation during the measurement or 
making the measurement independent of the plasma flow direction is important to 
reveal the plasma density. If the probe is body mounted to the satellite, the satellite 
attitude data shall be taken simultaneously. The alternative is to deploy the probes. As 
a single Langmuir probe cannot have a proper reference potential, a double Langmuir 
probe is preferred. Then, we need to deploy the two probes. They must be separated 
enough from each other as well as from the satellite body so that the sheath extended 
from the probes do not interfere each other. This limits the lower plasma density the 
probe can measure because the sheath expands due to the large Debye length. The 
probe shape shall be spherical to make the current collected independent of the 
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plasma flow direction. Extending booms with a sphere at the tip may be challenging 
for CubeSats. Therefore, trade-off should be made whether the attitude be measured 
or the booms are deployed to do the Langmuir probe mission. These points have been 
known for years in the field of scientific satellites. But as the use of lean satellites 
progresses to carry out space science missions, it is good to share the lessons once 
again.  
  Another issue associated with Langmuir probe is surface contamination. The DLP 
onboard HORYU-IV has a cleaning capability by biasing the probe to a negative 
potential of -300V or more using the high voltage solar array. Its effectiveness was 
verified via a laboratory test before the satellite launch. The probe cleaning was 
conducted on 27-Feb-2017, 16-Dec.-2016, 1-Sept-2016 and on 16-Oct-2018. Figure 
4.4 shows that the current collected on 17-Oct-2017 is a bit more that collected on 16-
Oct-2018, this might be an evidence for the effectiveness of probe cleaning using high 
voltage bias. However, more experiments on-orbit is necessary to further validate the 
effectiveness. 
 
5.2  System Requirement for Plasma Measurement Mission 
  Several plasma measurement missions have been developed and the future 
looks promising for this type of mission because of the rapid growth of lean satellites. 
Measurement of plasma would particularly be the focus for this class of satellite as it 
is convenient to develop and power requirement to perform the mission is on a very 
low scale. However, there are no best rules of thumb for the best technique or the best 
way to make the mission successful in space. This thesis is geared towards 
contribution to higher mission assurance for lean satellites science missions through 
proposing important system requirements for plasma measurement missions that is 
focused on meeting specific stakeholders objective through low cost and fast delivery. 
This is through best practices from lessons learned from the development, testing and 
operation of a plasma measurement system of a satellite. 
 
5.2.1. Space Grade Plasma Testing 
  Spacecraft in the low Earth orbit environment are immersed in a potentially 
hostile particle environment, system performance and verification is essential during 
system development in an environment that can simulate the real orbit plasma 
environment to the highest fidelity possible. The temperature of LEO plasma 
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environment is about 0.1eV [37], but this environment is presently difficult to achieve 
in most ground base tests. Apart from low plasma temperature, plasma drift velocity 
of 8km/s is another issue to be taken care of during ground test for plasma 
measurement system that will achieve a good result when eventually operated in 
space. 
Space grade plasma testing is an essential requirement for a plasma measurement 
system, HORYU-IV plasma measurement system was tested in a plasma facility that 
could generate up to 1.3eV.  
 
5.2.2. Contamination in Space Remedy 
 The effect of probe contamination in space is not usually considered at the 
system design stage of the plasma measurement system and this has resulted in the 
wrong values for plasma measurement after the instrument is exposed to space plasma 
for sometimes [39]. The main contaminant of electrode surface contamination is 
water (dielectric constant of about 80) that may introduce a large capacitance; deposit 
of heavy ions can also contaminate the electrode surface. These contaminants form a 
form of impedance on the surface of the electrodes that have both the resistive (RC) 
and capacitance (CC) components. 
Oyama. Et al [39] found out from laboratory experiment that CC and RC are a few 
microfarad µF. For a cylindrical probe of radius a, the capacitance per unit length due 
to a contamination layer of thickness d is expressed as: ! ! !!! !!! !" ! ! ! !           5.1 
From equation 5.1, !! = 8.85 x 10-12 F/m, !! is the contaminant dielectric constant and 
S is the probe surface.  
The two methods for remedy of probe contamination are by fast voltage sweeping and 
ion bombardment. When the voltage sweeping frequency is very high, the effect of 
the impedance due to the capacitance on the current voltage curve is almost zero and 
the resistance of the contamination layer also becomes limited [41]. Ion bombardment 
is an appropriate countermeasure for ion deposit on probes. Cousins C. S. et al [21] 
described a system installed on DICE-2 to heat and apply high voltage to clean the 
electrode of the installed Langmuir probe on the satellite. 
During HORYU-IV satellite ground test, ion bombardment experiment was 
performed and the effect was observed as shown in figure 3.24.  Several on-orbit 
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probe cleaning missions have been initiated and it’s yet to show any significant 
deviation in the experiment before cleaning and after cleaning in orbit. 
 
5.2.3 Voltage Sweep and Data Acquisition Frequency 
  HORYU-IV plasma measurement system voltage sweep was achieved by 
using an RC circuit of time constant 10 seconds (R = 1M", C = 10µF) and the data 
acquisition system capture 10data point in 1second (10Hz).  This design has the 
capability to reveal plasma temperature for ground test with plasma temperature of 
1.3eV but it is not appropriate for measurement of space plasma temperature of about 
0.1eV. As stated in section 5.2.1, the pre-launch verification of a mission payload 
should be done in a flight-like environment as much as possible. Data sampling is also 
an essential factor to consider in the design of Langmuir probe data acquisition 
system. HORYU-IV satellite on-orbit experimental data reveals that more data at the 
low voltage sweeping stage was essential to reveal the plasma temperature.   
 
5.2.4  Satellite Attitude Determination and Probe Mounting 
 Presently, miniaturized attitude control systems that can satisfy envelope 
constraints in small satellite are still elusive [46]. Pointing accuracy is very essential 
requirement for successful measurement in all earth observation missions including 
plasma or any other science measurements in space. For a successful plasma 
measurement mission, information about the satellite orientation during the 
measurement or making the measurement independent of the plasma flow direction is 
important to reveal the plasma density.  
Satellite attitude data should be taking simultaneously during plasma measurement for 
a body-mounted probe. Deployment of the probes can be an alternative; DICE-1 and 
DICE-2 used a deployable spherical probe [21]. Spherical probes can be an advantage 
as the current collected by such probe is independent of the plasma flow direction. 
Simulations done with HORYU-IV on-orbit data reveal this  
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6. Conclusions and Future Work 
  Plasma measurement system using the double Langmuir probe techniques was 
designed and developed at the Kyushu Institute of Technology to measure plasma 
parameter at an orbit condition of 575km altitude and 310 inclination angle for 
HORYU-IV lean satellite. Full scale ground testing and validation confirmed the 
successful operation of the system by comparing the double Langmuir probe 
measurement to control experiments using the single Langmuir probe as this 
technique is well established and proven for space plasma measurement. The ground 
tests were conducted in RF plasma made from Argon gas that could generate a plasma 
temperature of about 1.3eV, this is about 10 times higher than the temperature of the 
plasma environment for the actual orbit for HORYU-IV satellite. 
The on-orbit performance of the system has been confirmed by several mission data 
downlinked from the satellite, which shows a close order of value in plasma density 
and temperature as compared to the standard model data from the International 
Reference Ionosphere. It shows that the developed double Langmuir probe system has 
enough capability to measure plasma parameters in the environment of the Earth orbit 
using lean satellite. The on-orbit data was verified using a computer simulation with a 
Particle-in-Cell and Particle Tracking scheme. The simulation result shows that the 
plasma flow direction, i.e. the satellite flight attitude, is crucial to correctly interpret 
the simulation result when the probe surfaces are body mounted to the satellite. For 
better performance, detailed data sampling at the low bias voltage is also necessary to 
derive the plasma temperature. To carry out the Langmuir probe mission onboard a 
CubeSat, either deployment of spherical double Langmuir to make the measurement 
independent of the flight attitude, or simultaneous measurement of the satellite 
attitude is necessary. HORYU-IV satellite is still active on orbit. In near future, we 
will conduct more DLP experiments to verify the dependence of the result with the 
satellite attitude and to validate the effectiveness of the probe cleaning by the high 
voltage bias.  
  Employing this same system onboard another lean satellite and implementing 
all the lessons learned from HORYU-IV satellite plasma measurement system can 
expand this research. One of such is the implementation of a double Langmuir probes 
plasma measurement system onboard TEN-KOH satellite currently under 
development at the Kyushu Institute of Technology and scheduled to be launched in 
2018 Japanese fiscal year. TENKOH would be launch into 613km, 97.80 inclinations 
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and uses two spherical double Langmuir probes of radius 1.5cm separated at 37cm 
[47]. To limit the effect of plasma flow and requirement of a precise attitude system, 
which is usually difficult to achieve in lean satellites, Ten-Koh satellite uses a boom 
of height 3cm to attach the two spherical probes to the satellite and the electronics.  
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